Levels of recombination vary among species, among chromosomes within species, and among regions within chromosomes in mammals. This heterogeneity may affect levels of diversity, efficiency of selection, and genome composition, as well as have practical consequences for the genetic mapping of traits. We compared the genetic maps to the genome sequence assemblies of rat, mouse, and human to estimate local recombination rates across these genomes. Humans have greater overall levels of recombination, as well as greater variance. In rat and mouse, the size of the chromosome and proximity to telomere have less effect on local recombination rate than in human. At the chromosome level, rat and mouse X chromosomes have the lowest recombination rates, whereas human chromosome X does not show the same pattern. In all species, local recombination rate is significantly correlated with several sequence variables, including GC%, CpG density, repetitive elements, and the neutral mutation rate, with some pronounced differences between species. Recombination rate in one species is not strongly correlated with the rate in another, when comparing homologous syntenic blocks of the genome. This comparative approach provides additional insight into the causes and consequences of genomic heterogeneity in recombination.
Recombination is a fundamentally important process in evolution, and along with mutation it is responsible for producing the patterns of genetic diversity seen in extant populations. Genomic variability in the intensity of recombination interacts with, and can moderate the effects of, other genome features. For example, recombination and natural selection can jointly affect patterns of nucleotide variation, including neutral polymorphism levels (Maynard Smith and Haigh 1974; Begun and Aquadro 1992; Charlesworth et al. 1993) , rates of protein evolution (Pál et al. 2001; Betancourt and Presgraves 2002) , distribution of transposable elements (Rizzon et al. 2002) , and magnitude of codon bias (Comeron et al. 1999; Marais and Piganeau 2002) . Understanding the factors responsible for the variation in recombination rate across the genome is essential for explaining the patterns of variation observed in extant species (Reich et al. 2002) , for increasing the power of association studies and linkage disequilibrium mapping of complex disease (Arnheim et al. 2003) , as well as for evolutionary genomic studies and the identification of genomic regions recently impacted by selection (Aquadro 1997) . In addition, the recombination rate directly affects our ability to genetically map and dissect complex traits in animal models of disease.
Recombination is known to occur nonuniformly across the genomes of mammals (Nachman and Churchill 1996; Broman et al. 1998; Yu et al. 2001; Kong et al. 2002 ), but we are far from understanding how and why. Humans have about twice as much recombination as mouse and rat, and in many mammalian species females recombine more than males. The rate of recombination in humans is reduced near the centromeres and elevated near the telomeres, although regional variation in recombination is only partly explained by this (Yu et al. 2001; Kong et al. 2002) . Recombination rate covaries with the neutral mutation rate , but whether recombination is mutagenic is unresolved; it may be that mutation and recombination covary with a third variable. Similarly, recombination rate covaries with local GC content, with higher recombining regions being more GC-rich (Birdsell 2002; Marais 2003) , although the causative relationship between these variables remains elusive. If recombination increases the local GC content, genomic heterogeneity in recombination could produce the isochore structure of vertebrate genomes (Bernardi 1993; Montoya-Burgos et al. 2003) . Alternatively, GC content may be moderating recombination (Petes 2001) . It is difficult to infer the direction of causation in the correlation with many of these variables, because multiple genome sequence variables all covary together .
The effects of these relationships with recombination will also depend on how conserved the local rate of recombination is over time. Measuring recombination rates in homologous regions of closely related and more distantly related species can provide an answer to this question, but to date such estimates of recombination have only been available for invertebrates (True et al. 1996) . The recent availability of the complete genome sequence of the rat (Rattus norvegicus; Rat Genome Sequencing Project Consortium [RGSPC] 2004), mouse (Mus musculus; MGSC 2002) , and human (Homo sapiens; IHGSC 2001) , combined with publicly available genetic maps of these species (Dietrich et al. 1996; Broman et al. 1998; Steen et al. 1999; Kong et al. 2002) provides powerful new opportunities for examining genomic levels and patterns of recombination in mammals. To date, attempts to do so have focused on single species; here we employ a comparative approach to refine our understanding of variation in recombination rates in the rat, mouse, and human genomes.
RESULTS

Characterization of Recombination Rates
Of the 3824 markers in the rat SHRSPxBN F2 intercross map (Steen et al. 1999) , 3323 were placed on the rat genome assembly (v3.1, a.k.a. June 2003 freeze). After filtering for consistent order between the genetic map and the sequence position, 2305 remained. Of the 6336 markers in the mouse OBxCAST F2 intercross map (Dietrich et al. 1996) , 5602 were placed on the mouse genome assembly (February 2003 freeze; NCBI build 30) , with 4880 remaining after filtering. Of the 5136 markers from the human Iceland pedigree map (Kong et al. 2002) , 5114 were placed on the essentially finished human genome sequence (April 2003 freeze; NCBI build 33) of the human genome assembly. Positions of all markers are available from the UCSC genome browser, table browser, or ftp site (http://www.genome.ucsc.edu; Kent et al. 2002) . Recombination rates were estimated by comparing the genetic distance (cM) between markers to the physical (Mb) distance in 5 Mb and 10 Mb windows (Fig. 1, Supplemental  Figs. A-I available online at www.genome.org). Nonoverlapping windows were used for most of the analyses below. Windows with more than 50% "N"s were discarded, as were windows covering sequence at the beginning or end of chromosomes that contained no markers. For the 5 Mb windows, this resulted in the removal of 26, 13, and 38 windows in rat, mouse, and human, respectively. For 10 Mb windows, we removed 12, 0, and 13 windows in rat, mouse, and human, respectively. In addition, those windows in the rat consisting of the first 20 Mb of chromosome 6, the first 15 Mb of chromosome 13, and the first 40 Mb of chromosome X were discarded due to large discrepancies between the genetic and sequence maps, most likely a result of assembly errors. The rates for the remaining windows are available as Supplemental Tables A-F. Rates of all three species are also displayed on their respective genomes in the UCSC genome browser.
The total length of the rat, mouse, and human genetic maps are 1509 cM, 1361 cM, and 3615 cM, respectively (Dietrich et al. 1996; Steen et al. 1999; Kong et al. 2002) . Taking the size of the genome of these same species to be 2.72 Gb, 2.58 Gb, and 3.02 Gb (IHGSC 2000; MGSC 2002; RGSPC 2004) , the genome-wide average recombination rates are 0.555 cM/Mb, 0.528 cM/Mb, and 1.20 cM/Mb for rat, mouse, and human, respectively. A more accurate measure including only distances measured between placed markers (i.e., not counting portions of chromosomes before and after the first and last markers), gives genome-wide estimates of 0.60 cM/Mb for rat, 0.56 cM/Mb for mouse, and 1.26 cM/Mb for human. Humans have about twice as much recombination per generation as the rodents, with rat and mouse experiencing similar rates of recombination.
Substantial variation among chromosomes is seen in all three mammals (Table 1 and Suppl. Fig. J ). In the two rodents, the X chromosome has the lowest recombination rate (lower than the autosomal average for rat, P < 0.05, one-tailed t-test with single observation; Sokal and Rohlf 1995; for mouse, P < 0.05 only after removal of the outlier chromosome 19), whereas hu- 
Figure 2
Chromosomal recombination rate as a function of chromosome size. The regression slope is no longer significantly different than zero in mouse if the smallest chromosome (chr. 19) is removed. Similarly, in rat the regression is not significant if the three smallest chromosomes are removed. Note that the y-axis of the human graph is scaled differently than for the rodents. Recombination rate is the genetic length divided by the physical size.
man chromosome X has a rate very near the human genome average. In the rat and mouse, the smallest chromosome in each genome has the highest recombination rate. The same is nearly true in human, except that chromosome 22 has a slightly higher recombination rate than chromosome 21, although the latter is slightly smaller than the former. Note that the chromosome sizes here are based on the size of the genome sequence assemblies, which in the rodents may exclude satellite DNA and other heterochromatic regions. Therefore for example, rat chromosome 12 is the smallest by these criteria but may not be the smallest physically, as the p-arm of this chromosome is satellited (Levan 1974) and contains an NOR (Sasaki et al. 1986 ). There is a strong negative correlation between chromosome size and chromosome recombination rate in rats and in humans; the relationship is weaker in rat and mouse (Fig. 2) . There is also smaller-scale variation in the levels of recombination along each chromosome in each genome (e.g., Fig. 1 ), as seen with most genomic parameters (IHGSC 2001; MGSC 2002; RGSPC 2004) . The ranges of recombination rates for 5 Mb and 10 Mb windows in the rat are 0-2.59 cM/Mb and 0-1.80 cM/Mb, respectively. For these same size windows the ranges in mouse are 0-2.52 cM/Mb and 0-1.91 cM/Mb, respectively, and for human the ranges are 0.029-4.26 cM/Mb and 0.108-3.39 cM/Mb. The observation that the rodent genomes have minima of zero whereas the human does not may be partly attributable to the fewer number of meioses used to construct the rodent genetic maps. The human genetic map we used was constructed with 1257 meioses (Kong et al. 2002) , whereas the rat and mouse maps were made with only 90 and 92 meioses, respectively (Dietrich et al. 1996; Steen et al. 1999 ). However, this reduced resolution may not hinder our efforts to detect genomic patterns at these scales as judged by a comparison between recombination rates estimated from the high-resolution human map and those from a lower-resolution map (188 meioses; Broman et al. 1998) . The correlation between rates estimated from the two human maps using 10 Mb nonoverlapping windows is 0.90 for the autosomes.
Rat and mouse display significantly less genomic variation in recombination rate than human: the variance in these rodents is about one-third that of human (Table 2 ). This does not seem to be caused by a reduced resolution of the rodent maps (resulting from the smaller number of meioses and associated increased sampling error), as a similar discrepancy is observed when using recombination rates estimated from the Marshfield map. Levels of variation are very similar between rat and mouse (for example, on the 10 Mb scale, variance rat = 0.117; variance mouse = 0.113). In all species greater variance is seen when using 5 Mb windows than 10 Mb windows, suggesting either that recombination rate varies at a scale finer than 10 Mb, or that estimating recombination rate with fewer markers leads to larger error. The greater heterogeneity in human recombination rate appears to be related to a higher average rate; on a relative scale (as measured by the coefficient of variation), human variation is actually reduced (Table 2 ). Thus, the data from these three species suggest that the level of variation in recombination rate and the average recombination rate are positively correlated, that is, variance scales with the mean. We further investigated this hypothesis by comparing the variance and mean in recombination rates on a chromosomal scale. Chromosomes with higher average recombination rates show higher variances (human 10 Mb windows, Spearman's correlation coefficient (r s ) = 0.55, P = 0.006; human 5 Mb, r s = 0.47, P = 0.024; mouse 10 Mb, r s = 0.70, P = 0.0007; mouse, 5 Mb, r s = 0.74, P = 0.0002, rat 5 Mb, r s = 0.49, P = 0.026). If the outlier chromosome 12 is excluded in rat, this species also shows a significant correlation at 10 Mb (r s = 0.47, P = 0.036).
Chromosomal and Sequence Correlates of Recombination Rates
In order to determine what factors may be affecting the patterns of recombination we looked for correlations between recombination rate and both chromosome and sequence features for 5 Mb and 10 Mb windows in the rat, mouse, and human genomes (Table 3) . Among the chromosomal variables examined (chromosome size, arm size, proportional distance from the centromere, and proportional distance from the center of the chromosome), for rat and human the strongest correlation was distance The coefficient of variation is expressed as a percentage. 
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www.genome.org from the center of the chromosome, and for mouse it was distance from the centromere, regardless of window size. These correlations were all positive, reflecting a higher rate of recombination near the telomeres in all species, and reduced recombination near the center of the chromosome, as demonstrated by others for the human genome (Nachman and Churchill 1996; Payseur and Nachman 2000; Yu et al. 2001; Kong et al. 2002) . This telomere effect is strongest in human, with Spearman correlation coefficients (r s ) greater than 0.5, and weakest in mouse. Nearly all of the genome sequence variables included in the analyses (see Methods) were significantly correlated with recombination rates in all species using either 5 Mb or 10 Mb nonoverlapping windows; however, most of the associations were weak. In other words, although most of the correlations have low Pvalues, they also have low correlation coefficients, and most of these sequence variables are also correlated with each other. The top six sequence correlates with recombination rates for 5 Mb windows are shown in Table 4 , with scatterplots of selected variables and recombination rates shown in Supplemental Figures K-M. Several of the parameters with the highest correlations in human, such as CpG fraction, GC%, and polypurine/ polypyrimidine tract fraction, had been previously shown by others to be moderately correlated with recombination rate (Yu et al. 2001; Kong et al. 2002) . That our analyses reveal slightly higher correlations than those of Kong et al. (2002) probably derives from our use of a newer version of the human genome assembly (with 5114 markers placed on the genome instead of 4690), and larger windows (5 Mb instead of 3 Mb). We observed slightly higher correlation coefficients with 10 Mb windows than with 5 Mb windows for most, but not all, sequence parameters.
Several of the top correlates with recombination are shared across all three species, including GC content and the fraction of the window comprised of CpG dinucleotides, LINEs, total interspersed repeats, tracts of polypurine or polypyrimidine, and CA repeats with greater than 20 units. For all sequence parameters, the rat shows weaker correlations with recombination rate than does mouse or human, probably reflecting greater error in the estimation of recombination rate in rat. Nevertheless, this increased noise does not seriously obscure the relationships between these sequence parameters and recombination rate, as similar variables are identified in rat, mouse, and human. In general, neither the lower variance in recombination rate, nor the reduced resolution of the genetic maps in rodents, compromises our ability to identify associated sequence motifs, as evidenced by the similarity in correlation coefficients between mouse and human (Table 4) .
Although many of the sequence parameters are similarly correlated in all three species, there are some notable differences. First, none of the sequence parameters most highly correlated with recombination rate in human (CA repeat fraction, CpG density, and GC%) are as strongly correlated as the chromosomal position variables, whereas the same is certainly not true for rat or mouse. In human, the single best predictor of recombination rate is proximity to the telomere, whereas in mouse and rat this variable explains much less variance than many of the sequence parameters. Second, the negative correlation between total fraction occupied by interspersed repetitive elements is much stronger in rat and mouse, with r s = ‫263.0מ‬ and r s = ‫605.0מ‬ respectively, compared to human (r s = ‫)412.0מ‬ using 5 Mb windows. Third, the relationship between the fraction of the window containing stretches of only A or T (i.e., W n ) and recombination is reasonably strong in mouse, but weak or nonsignificant in rat and human, most prominently with longer W n tracts and larger windows. For example, with 10 Mb windows the correlation coefficient with W nՆ10 is ‫145.0מ‬ in mouse (P < 0.001), but in rat and human r s = ‫782.0מ‬ and r s = ‫,792.0מ‬ respectively. For W nՆ30 , r s = ‫454.0מ‬ (P < 0.001) in mouse with no significant correlation in either human or rat. Finally, the behavior of the correlation between recombination and tracts of only A (A n ) or only T (T n ) is complex. As reported by Kong et al. (2002) , there is a relatively strong and significant negative correlation between recombination and fraction of A nՆ4 /T nՆ4 in human, and we show here the same is true for rat (r s = ‫,913.0מ‬ P < 0.001 at 5 Mb; r s = ‫,913.0מ‬ P < 0.001 at 10 Mb) and mouse (r s = ‫,374.0מ‬ P < 0.001 at 5 Mb; r s = ‫,655.0מ‬ P < 0.001 at 10 Mb). However, if we restrict the sequence motif to only include tracts greater or equal to 8 bp long (A nՆ8 /T nՆ8 ), the correlation switches from negative to positive in human (r s = 0.214, P < 0.001 at 5 Mb; r s = 0.340, P < 0.001 at 10 Mb) and rat (r s = 0.212, P < 0.001 at 5 Mb; r s = 0.232, P < 0.001 at 10 Mb), whereas in mouse for a variety of lengths from A nՆ8 /T nՆ8 to A nՆ30 /T nՆ30 the correlations are either very weak or in most cases not significant. Negative correlations for A n /T n tract fraction and recombination are stronger for human and rat when 4 Յ n Յ 6 (r s = ‫,494.0מ‬ P < 0.001 and r s = ‫,643.0מ‬ P < 0.001, respectively for 10 Mb windows), than for n Ն 4 (r s = ‫,503.0מ‬ P < 0.001 and r s = ‫,913.0מ‬ P < 0.001, respectively for 10 Mb windows).
To determine what combination of chromosomal and sequence variables best predicts recombination rates in each species we performed multiple linear regression. For 5 Mb windows, the best combination of chromosomal variables in rat was chromosome size and distance from the center of the chromosome (R 2 = 0.111). In human these same two variables explained a much larger amount of the variance (R 2 = 0.440), whereas in mouse the combination of chromosome size and distance from the centromere explained less of the variation in recombination (R 2 = 0.0553). In mouse, chromosome size was not significantly correlated with recombination in either size of the nonoverlapping windows, whereas in the multiple regression model it did add significantly when combined with the distance from the centromere. As was seen at the whole-chromosome level and in the simple correlation analyses, the chromosomal parameters more strongly affect recombination in human than they do in the rodents.
The combination of five sequence variables explaining the largest proportion of the variance in recombination in the rat genome at 5 Mb windows is CpG fraction, GC%, W nՆ10 , fraction of window made of all dinucleotide repeats, and density of (CA) nՆ10 (R 2 = 0.236). As previously shown for human (Kong et al. 2002) , when CpG is included in this multiple regression model, the sign of the coefficient of GC% becomes negative, whereas it was positively correlated in a simple bivariate correlation. Including both sequence and chromosomal position variables, the combination of the above five variables with the proportional distance from the center of the chromosome brings the explained variance in rat to R 2 = 0.240. In mouse for the same window size, the sequence variables that in combination explain the greatest variance are CpG, total interspersed repetitive elements, and (CA) nՆ20 , with R 2 = 0.274. For the mouse, adding any of the chromosomal variables either alone or in combination did not significantly improve the model, nor did inclusion of GC%. Finally, in human the combination of the sequence variables GC%, fractions of CpG, (CA) nՆ10 , W nՆ10, R nՆ30 , A 4ՅnՅ6 /T 4ՅnՅ6 , and DNA transposons yields R 2 = 0.505 with all seven variables adding significantly to the model. These sequence variables, when combined with the variables chromosome size and distance from the center, explain over half of the variance in recombination rates in humans (R 2 = 0.589). Using 10 Mb windows yielded very similar results, with a slight increase in R 2 values.
We asked whether there was a correlation between recombination rates in these mammals and the neutral mutation rate determined by the rate of substitution in ancestral repeats along each branch in the human-mouse-rat (HMR) phylogenetic tree. Using 5 Mb windows, there is a significant positive correlation between recombination rate and substitution rate along the branch from the HMR ancestor to present-day humans (r s = 0.114), consistent with previous studies (Hellman et al. 2003 and references therein). Similarly, in rat there is a significant positive correlation between recombination rate and substitution rate along the branch to rat from the MR ancestor (r s = 0.138). Interestingly, in the mouse genome the relationship between recombination rate and mutation is also significant, for substitutions from both the HMR ancestor and the MR ancestor, but in both cases the correlation is negative (r s = ‫821.0מ‬ and r s = ‫,721.0מ‬ respectively), not positive. Because previous research uncovered a complex relationship between GC content and different measures of the neutral mutation rate , and a well established correlation between GC content and recombination rate (Birdsell 2002) , we included GC content and substitution rate in a multiple linear regression model with recombination rate as the dependent variable. In mouse, the substitution rate did not contribute significantly to explaining recombination rate after GC content was included in the model, although the sign of the coefficient of substitution rate became positive.
Conservation of Recombination Across Mammals
Perhaps the most interesting question from an evolutionary standpoint that can be addressed for the first time with our data is whether recombination rates in homologous genomic regions are correlated across mammalian species. Answers to this question, restricting the analyses to homologous blocks with no breakpoints, are shown in Table 5 . Except for the rat-human comparison at 10 Mb windows, all species pairs show significant correlations in recombination rates. However, the correlation coefficients are small, suggesting clear evolutionary divergence in recombination rate for genomic regions with generally similar sequences. The species pair with the strongest correlation is human-mouse, which may reflect greater error in recombination rate estimates in rat, or a lineage-specific acceleration in evolutionary divergence of recombination rate in the rat genome. Although the correlations are weak they yield a clear phylogenetic signal: Rat and mouse are more highly correlated with each other than rat is with human.
Because chromosomal size and position seem to be important variables, it may not be surprising to find only weak correlation between species, as even mouse and rat have undergone many chromosomal rearrangements since their divergence (Nilsson et al. 2001; RGSPC 2004) . To determine whether this is a major factor, we examined individual rat-mouse chromosome pairs with strong syntenic conservation. Although rat chromosome 8 and mouse chromosome 9 have nearly complete conservation of gene order across the entire length of these chromosomes and are both telocentric, we found no significant correlation of recombination in homologous blocks. Similarly, rat chromosome 15 and mouse chromosome 14 have strongly conserved gene order, but different morphology (rat chromosome 15 is metacentric). This chromosomal pair also has no significant correlation of recombination rates. Finally, when all rat chromosomes with a similar morphology to mouse chromosomes (i.e., the telocentric chr. 2, 4-10, and X) are used, no clear pattern is observed, with a slightly decreased correlation coefficient at 5 Mb and a slightly increased coefficient at 10 Mb.
DISCUSSION Estimation of Recombination Rates
We provide the first published genome-wide estimates of recombination rates in the rat and mouse genomes, based on comparisons between genetic maps and genome sequence assemblies. In a comparative perspective, these new data provide insights into the variation within and among species in patterns of recombination and genome evolution in general. The rat and mouse genetic maps used in our analyses were constructed from intercrosses using 90 and 92 meioses, respectively, and the human map was made with over 1200 meioses. The increased number of meioses in human provides a greater resolution by reducing the error in the estimates of genetic distance between markers. Such high resolution is needed in order to map recombination hotspots (true hotspots, i.e., regions of dramatically increased recombination over neighboring regions, on the order of several kb; Jeffreys et al. 2001; Jeffreys and Neumann 2002) at a fine scale (Arnheim et al. 2003) ; however, our data suggest that when looking at phenomena occurring at a larger scale (i.e., 5-10-Mb intervals), the increased resolution provides minimal increase in accuracy as judged by the comparisons between the highresolution deCODE map (Kong et al. 2002) and the lowerresolution Marshfield map (Broman et al. 1998; Yu et al. 2001) . It remains an open question as to whether regional variation in recombination is the result of variation in the density, or in the intensity, of hotspots, or whether regional variation in recombination is unrelated to the specific behavior of small hotspots (Petes 2001) . The confidence in the placement of genetic markers on the human genome, and therefore also in the estimates of recombination, improved incrementally with each release of the human genome assembly (Kong et al. 2002) , and by analogy we anticipate a similar increase in the reliability of estimates of recombination in the rat and mouse genomes. However, we still found recombination rate to covary with many of the same sequence parameters in rat as in mouse and human. Finally, the www.genome.org recombination rate estimates provided herein for rat and mouse are based on intercrosses between specific inbred strains, which provide little information about the variation within species, or whether these results will hold for the species generally. This may be especially relevant for the mouse genome, because the genetic map was built using an intersubspecies cross which could theoretically experience a suppression of recombination because of sequence divergence (Dietrich et al. 1996) . It was shown previously that there is variation in the amount of recombination within and between individual humans (Broman et al. 1998; Kong et al. 2002) and mice (Reeves et al. 1990; Koehler et al. 2002) .
Causes and Consequences of Recombination
The most pronounced difference between rat, mouse, and human with respect to recombination is the twofold greater amount of overall recombination in humans. A mechanistic explanation that has been suggested is that recombination is proportional to the number of chromosome arms (Pardo- (Bihoreau et al. 1997; Steen et al. 1999; Dracheva et al. 2000) . If chromosomal morphology does play a role, the reduced recombination rate in mouse and rat could be a neutral byproduct of chromosomal evolution, or alternatively chromosomal rearrangements themselves may be selected for in order to modulate recombination rates (Qumsiyeh 1994; Dumas and Britton-Davidian 2002) . In addition to increased overall recombination, humans show more genomic heterogeneity than do the two rodents. Whether this pattern is due to an increase in the number of recombination hotspots, their intensity, or a baseline increase in recombination remains an open question. The existence of hotspots in all three species may be responsible for the observed positive correlation between variance in recombination rate and average recombination rate at the chromosomal level; further theoretical work on the effects of hotspots and the acquisition of data on a finer scale, such as that afforded by sperm genotyping (Cullen et al. 2002; Jeffreys and Neumann 2002; Yauk et al. 2003 ) is required to evaluate this possibility. The high similarity in levels of variation in recombination rate in rat and mouse indicates conservation of the mechanisms that generate diversity in recombination rate, regardless of the nature of these mechanisms, across millions of years of evolution.
All three species show a positive correlation of local recombination rates with CpG fraction and with GC%, with CpG always yielding a larger correlation coefficient than GC%. Such a correlation between GC% and recombination was seen previously in a wide variety of eukaryotes, and at both fine and gross scales (Fullerton et al. 2001; Birdsell 2002) . The question of causation is unresolved. GC-rich regions of the genome, particularly those on a larger scale, may stimulate recombination through increased binding of the recombinational machinery or through structural conformational changes associated with high GC content (Petes 2001; Petes and Merker 2002) . Alternatively, recombination may increase local GC content through biased gene conversion (Birdsell 2002 and references therein), whereby basepair mismatches at heterozygous sites between homologous chromosomes are resolved with a bias toward GC. Genomic heterogeneity in recombination can therefore lead to genomic heterogeneity in GC content, or isochores; substantial empirical data emerged recently supporting this hypothesis (Eyre-Walker and Hurst 2001; Birdsell 2002; Montoya-Burgos et al. 2003) . Although the correlation between recombination and GC% is not novel, our observation of an even higher correlation between CpG fraction and recombination in all three mammalian species may be seen as providing evidence to support the biased gene conversion hypothesis, in that CpG dinucleotides may be especially sensitive to biased gene conversion (Marais 2003) , although alternative hypotheses involving mechanisms whereby CpG dinucleotides stimulate recombination either structurally or through protein-binding cannot be rejected.
In rat and mouse, one of the variables with the strongest correlation in the bivariate analysis is the fraction of the window made up of interspersed repetitive elements, with fewer such elements in regions of higher recombination. This same relationship was seen in the human genome, but less strongly. This negative correlation is predicted if we assume that transposable elements act as very slightly deleterious mutations (Rizzon et al. 2002) . The efficacy of purifying selection in removing these repetitive elements will be proportional to the strength of recombination, under most models of the interaction between selection and recombination (Hill and Robertson 1966) . Alternatively, the same pattern is also predicted under a model of selection against chromosomal rearrangements caused by ectopic exchange between interspersed repetitive elements at nonhomologous locations (Bartolomé et al. 2002) . Finally, an alternative neutral explanation is that repetitive elements somehow act mechanistically to suppress recombination. Testing these different hypotheses will be difficult, as the relationship between these variables is complex, as are the effects of the different classes of interspersed repeats and the covariation with other genomic sequence parameters. Similarly, why the negative correlation between interspersed repeat density and recombination rate is stronger in the rodents than in human remains an open question, but may be related to the observation that a substantially greater fraction of the rodent genomes (nearly one-quarter of the rat genome) is derived from the L1 LINE element (RGSPC 2004) . Furthermore, if we hypothesize that LINEs act to suppress recombination, or there is selection against recombination near LINEs, the proliferation of these elements in rodents may be sufficiently responsible for their genome-wide decrease in recombinationalthough we are far from a position to test this hypothesis.
At the chromosomal level, the rat and mouse X chromosomes have the lowest levels of recombination, whereas human chromosome X has a rate near its genome average, and about what would be expected based on its size. In all species, chromosome X has reduced GC content and CpG density compared to the autosomes, but in rat and mouse this difference is much more pronounced. The GC% of rat and mouse chromosome X is even less than the human X, despite an ∼1% greater GC% in the rodents at the whole-genome level (MGSC 2002; RGSPC 2004) . Again, the direction of causation in the relationship between recombination and GC% or CpG density is unknown, but the observation of a striking effect on the X chromosome suggests that whatever the mechanism is, it is not restricted to male meiosis. Although the X chromosome is generally highly conserved, showing few rearrangements across many mammalian orders, it has been much more active specifically in the rodent lineage (Bourque et al. 2004; RGSPC 2004) . Whether and how this increased chromosomal evolution is related to the decreased recombination of the rodent X chromosome are unknown. Data from additional mammals, especially more distantly related rodents, may help to answer this question. Finally, it may be of interest that an X-linked locus has been proposed to explain genome-wide levels of variation in recombination, and in controlling differences between male and female recombination rates, in mouse (de la Casa-Esperó n et al. 2002) .
We observed that the chromosomal position of a region, and the size of the chromosome that it is on, have a greater effect on its recombination rate in human than in rat or mouse. Although all of our data are based on sex-averaged genetic maps, it has been shown in humans that the increased recombination at the telomeres is largely due to an increase in male recombination (Broman et al. 1998) . Therefore, it is likely that the difference between species in this respect may be restricted to male meioses; future studies investigating high-resolution sex-specific recombination in rat and mouse may provide a definitive answer. That chromosome size does not have a significant effect on recombination in mouse windows may be due to the fact that except for chromosome 19, there is not much variation in size among the mouse chromosomes, relative to human and rat.
It is essential to understand the relationship between mutation and recombination, as these potentially interacting variables can confound interpretations in studies of the effects of recombination and in estimating costs involved in the evolution of sex and recombination. For example, the positive correlation in humans between recombination rate and nucleotide diversity has been explained as the result of background selection or hitchhiking (Nachman 2001; Lercher and Hurst 2002) , although subsequent studies with larger data sets show that this correlation may be entirely due to a correlation between the mutation and recombination rates (Hellman et al. 2003) , with the possibility that recombination is mutagenic. Our results show that at face value the positive correlation between recombination and mutation is not a universal feature of mammals; in fact, in mouse the correlation is negative. Is it possible that recombination is mutagenic in rat and human, but antimutagenic in mouse? Perhaps, but the complex relationships between these variables and other genomic factors such as GC content suggest that the difference may lie in the nature of interactions between multiple factors and may depend on which estimate of the neutral mutation rate is used . For example, when the effects of GC% on substitution and recombination rates are taken into account, the correlation between these variables becomes positive in mouse. Although the nature of these relationships and causative explanations remain elusive for now, the strengths of a multiple-species comparative approach are obvious, especially with the observation that the closely related mouse and rat differ in these respects.
Conservation of Recombination Across Mammals
When comparing syntenic homologous blocks across species, we found only a slight positive correlation between recombination rates of different species. On one hand, this was somewhat surprising because sequence parameters that covary with recombination such as GC% tend to be highly correlated across species (MGSC 2002) . On the other hand, multiple genomic rearrangements have occurred among rat, mouse, and human (RGSPC 2004) , placing homologous regions into different chromosomal environments in each species. Also, it has been predicted on theoretical grounds-and later with empirical support-that recombination hotspots will tend to drive themselves to extinction, resulting in a rapid turnover of hotspots (Boulton et al. 1997; Jeffreys and Neumann 2002) . The genomic scale and the time scale at which such a phenomenon occurs are unknown, as the relationship between true hotspots and large-scale regional variation in recombination is unknown.
Understanding the relationships between recombination rate and various genomic parameters (such as nucleotide composition, mutation rate, efficiency of natural selection, rate of protein evolution, and molecular diversity within species) from an evolutionary perspective requires information about the tempo of evolution in recombination rate. Theories addressing the origin and maintenance of sexual reproduction also identify the rate of divergence in recombination as a key parameter. In the future, combining our data with those from several additional closely related species could provide the first estimates of this parameter, paving the way for studies of coevolution with other genomic variables and providing empirical benchmarks for theories about the evolution of recombination and sexual reproduction.
Consequences for Mapping Traits
If multiple genes each with a small to moderate effect in the same direction on a quantitative trait are clustered together in a region of low recombination, this region may show up with strong and significant linkage to the trait in a typical genome scan in an animal model. This is because even though each gene contributes only a small effect to the phenotype, the lack of recombination will cause such a cluster of genes to act as a single large-effect gene (Noor et al. 2001) . Conversely, if these multiple genes are tightly linked but alleles have opposite effects on a trait, it may be difficult to detect the effect of any single gene in a genome scan. Once a QTL is identified for a complex trait in rat, it is common to attempt to positionally clone the responsible gene through the construction of congenic and subcongenic rats where, for example, several substrains are developed that contain small portions of the QTL introgressed from the normal strain onto the background of a strain susceptible to a complex disease (Markel et al. 1997) . This process relies entirely on identifying the rare recombinant occurring within the QTL. We identified multiple "cold spots" of recombination in the rat genome, where it may be difficult to dissect a QTL through the breeding of subcongenic rats. With the quantification of the amounts and patterns of recombination in the rat genome herein it should be possible to incorporate this information into the planning of future research projects, and to develop an optimized set of markers to maximize the information content from a genome scan.
Future Directions
We anticipate that the accuracy and resolution of the estimates of recombination in the rat, mouse, and human will continue to improve along with the improvements in each new iteration of the genome assembly, and with the construction of higherresolution genetic maps with larger numbers of progeny. This will be important for the future of complex trait mapping in animal models if the strategies of using linkage disequilibrium being developed in human are to be eventually applied to the rat and mouse (Arnheim et al. 2003) . The high-resolution recombination rate maps will also be of tremendous value for investigating questions of genome evolution. Understanding the causes and consequences of recombination rate variation will also be enhanced with accurate estimates of sex-specific recombination in rat and mouse. This is crucial, because there is obviously more to the regulation of recombination than sequence motifs and chromosome location; human females have 1.65 times as much recombination as males with same genome sequence (Broman et Kong et al. 2002) . Finally, as we have shown, data from multiple species provide new insights into the factors that covary with, and therefore may be affecting or affected by, recombination that are seen in only one species. Data from more mammals will likely reveal lineage-specific patterns in the evolution of recombination. Genetic maps are available for a number of additional species (Swinburne et al. 2000; Maddox et al. 2001; DukesMcEwan and Jackson 2002; Slate et al. 2002) , and soon genome sequence will be also.
The effect of recombination on long-term evolutionary patterns has received considerable attention in recent years. For example, covariation with nucleotide diversity may reveal the effects of background selection (Charlesworth et al. 1993 ) and genetic hitchhiking (Maynard Smith and Haigh 1974; Begun and Aquadro 1992; Nachman 2002) , or may reflect an association between recombinational and mutational processes (Lercher et al. 2001; Hellman et al. 2003) . Similarly, purifying or directional selection is proposed to be more efficient in regions of higher recombination, with detectable patterns in extant genomes (Pál et al. 2001; Betancourt and Presgraves 2002) . Methods that include multiple species of greater or lesser amounts of divergence (i.e., a "bushy tree"), incorporate lineage-specific estimates of substitution, and that utilize node-specific estimates of recombination will have substantially greater power to detect such patterns compared to simple human-mouse comparisons. Therefore, our rat-mouse-human comparative approach provides a beginning toward what will be a much more complete understanding of the evolution of recombination and how it interacts with other features of mammalian genome evolution.
METHODS
Placement of Markers and Estimates of Recombination
The following genetic maps were used: rat SHRSPxBN F2 intercross map (Steen et al. 1999) , mouse OBxCAST F2 intercross map (Dietrich et al. 1996) , human Icelandic family map (Kong et al. 2002) , and human CEPH family map (Broman et al. 1998 ). All maps were made using the Kosambi map function. The versions of the genome assemblies used were: rat June 2003 freeze (v3.1), mouse February 2003 freeze (NCBI build 30), and human April 2003 freeze (NCBI build 33). Locations of individual markers for each of the rat, mouse, and human genomes were determined based on alignments of the full sequence of the marker (when available) using BLAT (Kent 2002) and also using primer sequence information using e-PCR (Schuler 1997) and BLAT. Placement information is available for download from the UCSC Genome Browser http://www.genome.ucsc.edu) . Markers placed to different chromosomes in the genetic versus genome sequence were discarded. We filtered the complete set of markers placed on the genomic sequences to include the maximal set for each map such that the order of the markers in both the genetic and sequence maps agreed.
From the maximally consistent set of markers derived for a particular genetic map, the recombination rate between all pairs of adjacent markers was calculated by simply dividing the distance between the markers in the genetic map (in centimorgans, cM) by the distance between the markers in the sequence map (in megabases, Mb). For simplicity, the location of a marker in the sequence map is set to the midpoint of the alignment of that marker. Each base pair in the interval between adjacent markers is then assigned the calculated rate. To approximate the recombination rate for any window of sequence of arbitrary size and location, we summed the rates corresponding to each base in the window and divided by the size of the window. Following this, windows were removed that contained more than 50% "N" in the sequence assembly, as were windows at the beginning or end of chromosomes with zero markers placed in them. Finally, a few windows with large discrepancies between the genetic map and the sequence assembly were removed. Recombination rates for individual chromosomes were calculated by dividing the genetic length (cM) by the sequence length (Mb) between the first and last marker placed on each chromosome.
Measuring Chromosomal and Sequence Features and Substitution Rates
For each window in each species, we calculated the proportional distance from the center of the chromosome to the center of the window (absolute distance divided by half the chromosome length) and proportional distance from the centromere to the center of the window (absolute distance divided by the length of the chromosomal arm). For this, the position of the centromere in rat was estimated by comparing the positions of markers mapped by fluorescent in situ hybridization (data from RatMap: http://www.ratmap.gen.gu.se) to their assigned position on the rat genome, as well as from the locations of centromeric repeats (RGSPC 2004) . The centromeres rat chromosomes 3, 11, and 12 were assigned to base pair position zero, because the p-arms of these chromosomes are NOR containing satellited DNA and therefore are presumed to not be in the current genome assembly (RGSPC 2004) . The centromeres of rat and mouse telocentrics are also placed at position zero. Positions of human centromeres were estimated based on the cytogenetic band mapping to the genome (Furey and Haussler 2003) .
The fraction of each window (after correcting for the number of "N"s) comprised of the following sequences were calculated (in units of bp/Mb): G or C (GC%); CpG dinucleotides; A n or T n where n Ն 4, 6, 8, 10, 15, 20, 15, 30 , and 4 Յ n Յ 6; polypurine or polypyrimidine stretches (R n or Y n , where R = A or G, Y = C or T); stretches of the weak nucleotides (W n , where W = A or T); stretches of the strong nucleotides (S n , where S = C or G); short interspersed repetitive elements (SINEs); long interspersed repetitive elements (LINEs); long terminal repeats (LTRs); DNAbased transposons; total interspersed repeats (IRs); di-, tri-, tetra-, and pentanucleotide repeats; 6-10 mer and 11-100 mer repeats; total simple repeats; and (CA) n where n = 10, 20, and 30. Data for the repetitive elements were taken from the RepeatMasker (A. Smit and P. Green, unpubl.) track of the UCSC Genome Browser . The remaining sequence motifs were calculated with custom perl scripts.
Ancestral repeat (AR) sites from retro-or DNA-transposons were inserted in the human-rodent ancestral genome before the human-rodent split and appear in syntenic positions in all species (A. Smit and P. Green, unpubl.) . Alignments of AR sites with the human, mouse, and rat genomes were found using the BLASTZ programs (Schwartz et al. 2003) . Using the general timereversible model of base substitution (REV; Tavaré 1986; Yang et al. 1994; Whelan et al. 2001) , we used the frequencies of observed changes to estimate the number of substitutions per AR site. The human-mouse-rat phylogenetic tree used for this model was constructed using maximum likelihood methods (Siepel and Haussler 2003) .
Variance and CV Calculations
Genomic levels of variation in recombination rate were estimated, separately on the 10 Mb and 5 Mb scales, by calculating variance and the coefficient of variation (CV). Ninety-five percent confidence limits were estimated as the 2.5% and 97.5% quantiles of these statistics across 10,000 data sets generated by resampling with replacement from the original data set of recombination rates. This approach measures uncertainty associated with estimation of variance and CV from genomic variation but does not address the underlying error associated with assigning genetic and physical map positions.
Correlation and Multiple Regression
We used nonparametric Spearman correlation coefficients (r s ) to assess covariation between recombination rates and the above chromosome and sequence variables. To determine what combination of variables were contributing to the variance in recombination and how they may interact, we performed multiple lin-ear regression with the above variables, excluding those not contributing significantly through the use of the t-statistic and with backward stepwise regression. All coefficients of multiple determination (R 2 ) reported for multiple linear regressions were adjusted for the number of variables (R adj 2 ).
Syntenic Homology Mapping
Chained BLASTZ pairwise alignments were obtained from the UCSC Genome Browser. For each nonoverlapping 5 Mb and 10 Mb window in one species, we determined whether there existed a chained alignment from the target species to the corresponding paired species such that: The chained alignment spanned at least 50% of the window in the target species, the chained alignment spanned a region in the query species that was at least 50% but no more than 150% of the size of the window, and the number of bases aligned were at least 10% of the size of the window. Recombination rates were then calculated for the homologous regions as described above.
